DNA arrays were used to investigate the functional role of Rox1 in mediating acclimatization to anaerobic conditions in Saccharomyces cerevisiae. Multiple growth conditions for wild-type and rox1 null strains were used to identify open reading frames with a statistically robust response to this repressor. These results were compared to those obtained for a wild-type strain in response to oxygen availability. Transcripts of nearly one-sixth of the genome were differentially expressed (P < 0.05) with respect to oxygen availability, the majority (>65%) being down-regulated under anoxia. Of the anaerobically induced genes, about one-third (106) contain putative Rox1-binding sites in their promoters and were significantly (P < 0.05) up-regulated in the rox1 null strains under aerobiosis. Additional promoter searches revealed that nearly one-third of the anaerobically induced genes contain an AR1 site(s) for the Upc2 transcription factor, suggesting that Upc2 and Rox1 regulate the majority of anaerobically induced genes in S. cerevisiae. Functional analyses indicate that a large fraction of the anaerobically induced genes are involved in cell stress (ϳ1/3), cell wall maintenance (ϳ1/8), carbohydrate metabolism (ϳ1/10), and lipid metabolism (ϳ1/12), with both Rox1 and Upc2 predominating in the regulation of this latter group and Upc2 predominating in cell wall maintenance. Mapping the changes in expression of functional regulons onto metabolic pathways has provided novel insight into the role of Rox1 and other trans-acting factors in mediating the physiological response of S. cerevisiae to anaerobic conditions.
Nearly all organisms respond to changes in their environment by differentially transcribing genes that are important for cell fitness and survival. Using cDNA arrays to track these changes can provide insight into the gene networks and control circuitry underlying the adaptive response. In this study, we used such an approach to obtain a more comprehensive view of the response of Saccharomyces cerevisiae to anaerobiosis and determine the role of Rox1, a key regulator of anaerobic gene expression, in mediating this response. S. cerevisiae is one of few yeast species that can grow in the complete absence of oxygen (82) , making it an excellent eukaryotic model for investigating the genomic remodeling of gene expression that is elicited by oxygen deprivation.
Until recently, Rox1 was the only known transcriptional regulator of anaerobically induced genes in S. cerevisiae (reviewed in references 45, 49, and 84) . It is a sequence-specific DNAbinding protein in the SOX class of HMG proteins (25) that binds to the consensus sequence YYYATTGTTCTC in double-stranded DNA (8, 28) . Rox1-dependent gene repression requires Tup1-Ssn6 (Cyc8) (8, 25) , which interacts with a number of other regulon-specific DNA-binding factors (reviewed in reference 73) . Repression is thought to occur through at least two mechanisms: nucleosome phasing and direct interactions of the Tup1-Ssn6 repression complex with the basal transcriptional machinery. Although Rox1 functions in an O 2 -independent manner, its expression is oxygen (heme) dependent, activated by the heme-dependent transcription factor Hap1 (46) . Thus, as oxygen levels fall to those that limit heme biosynthesis (51) , ROX1 is no longer transcribed (84) , its protein levels fall (83) , and the genes it regulates are derepressed.
Many of the previously identified Rox1-regulated genes encode proteins involved in oxygen-dependent pathways, such as respiration (COX5b and CYC7) (58, 79) and the biosynthesis of heme (HEM13) (46) , sterols (HMG2, ERG11, and NCP1) (77, 80) , and unsaturated fatty acids (ATF1 and OLE1) (20, 37; reviewed in references 45, 49, and 84) . Others may provide essential functions under anaerobiosis (ACC3 and ANB1) (57, 69) or are themselves transcription factors (SUT1) (60, 66) . The expression of nearly all of these Rox1-regulated genes increases as oxygen concentrations fall to levels approaching anoxia (49) . Their up-regulation may, therefore, serve to maintain or activate flux through essential pathways by increasing key enzyme levels, increasing the efficiency of oxygen utilization (e.g., expression of hypoxic isoforms), and/or providing alternative pathways for metabolism. The importance of maintaining flux through sterol and unsaturated-fatty-acid biosynthetic and/or import pathways is underscored by an absolute nutritional requirement for these components during anaerobic growth (4, 5) .
Several other transcription factors have recently been shown to regulate anaerobically expressed genes in S. cerevisiae. These include the activators Sut1 (66) and Upc2 (Mox4) (1, 2, 21, 22) and the repressors Mox1, Mox2, and Mot3 (44) ; Mot3 can apparently also activate the expression of some genes (1) . In addition, an antagonist interaction between Ord1 and Yap1 has been shown to regulate some anaerobic genes (11) . A number of these factors in concert regulate the expression of cell wall-related genes in the PAU gene family, including the DAN/TIR (2) and TIP/SRP subfamilies (31) , suggesting a fairly complex regulatory network for this group of genes in contrast to the apparent regulatory simplicity of those repressed by Rox1. The extent to which these factors control the expression of other functional groups of anaerobically induced genes is currently unknown.
In this study, we focused on the gene network controlled by Rox1. Recent microarray studies have identified hundreds of anaerobically expressed genes in S. cerevisiae (76) , yet only 11 Rox1-regulated genes have been identified through biochemical and/or genetic means. These results suggest that other regulators control the expression of a large fraction of anaerobically induced genes and/or the number of Rox1-regulated genes is much larger than is currently appreciated. To gain a more comprehensive understanding of the role this factor plays in mediating anaerobic acclimatization, we used cDNA arrays to examine the genome-wide response to both inactivation of ROX1 and oxygen availability. Our results suggest that Rox1 controls nearly one-third of the anaerobically induced genes in yeast, including many involved in lipid, isoprenoid, and sphingolipid metabolism. In addition, nearly one-third of the anaerobically induced genes contain a consensus binding site(s) for Upc2, suggesting that this factor regulates the expression of a much larger set of genes than is currently appreciated. Many of these genes are predictably involved in cell wall-related functions. Finally, mapping the changes in gene expression of functional regulons onto metabolic pathways has provided novel insight into the role that Rox1 and other trans-acting factors play in mediating the physiological response of S. cerevisiae to anaerobiosis.
MATERIALS AND METHODS
Yeast strains and media. The following yeast strains were used: JM43 (MAT␣ his4-580 trp1-289 leu2 -3,112 ura3-52 [ ϩ ]) (23) and the isogenic strain KKY6, which contains a rox1⌬::LEU2 disruption (this study), and RZ53-6 (MAT␣ trp1-289 leu2-3,112 ura3-52 ade1-100 [ ϩ ]) (56) and the isogenic strain RZ53-6⌬rox1, which contains a rox1⌬::LEU2 disruption (26) . Strain KKY6 was obtained by transforming JM43 with a BamHI-XbaI fragment from prox1::LEU2 (58) . The gene disruption was confirmed by both Southern blot analysis and Northern blots of known Rox1-regulated genes.
Liquid precultures were grown at 28 to 30°C with shaking (200 rpm) in YPGal (71) or a semisynthetic galactose medium containing Tween 80 (a source of oleic acid), ergosterol, and silicon antifoam (SSG-TEA medium) (14) . Amino acids and nucleotides were added, as appropriate, at a concentration of 40 mg/liter. Precultures were kept in mid-log growth phase (Ͻ100 Klett units; optical density at 600 nm [OD 600 ] Ͻ 0.2) for typically 3 days before the final cultures were inoculated. Batch cultures were grown in a New Brunswick BioFlo III fermentor using either air (aerobiosis) or 2.5% CO 2 in O 2 -free N 2 (anaerobiosis) as the sparge gas (flow rate ϭ 1.15 volumes/volume of medium). For anaerobiosis, the gas mixture was passed through an OxyClear O 2 absorber capable of reducing trace O 2 to 5 ppb, and the cultures were grown in the dark (15) . Oxygen concentration was monitored with a polarographic O 2 electrode (12 mm) and a model 4300 dissolved oxygen transmitter (both from Ingold Electronics, Wilmington, Mass.). The oxygen electrode was calibrated prior to inoculation of the cultures by equilibration with air (full scale) and oxygen-free N 2 (zero) and after harvesting by immersion in zeroing gel (Mettler Toledo). Temperature, pH, and agitation were maintained at 28°C, 5.0, and 300 rpm, respectively (14) . For all cultures, the inoculation volume was adjusted so that the cell density upon harvesting, after six doublings in cell mass, was equal to 60 Klett units (OD 600 Ϸ 0.12). During harvesting, the cells were quick-chilled to ϳ4°C by passage through several feet of coiled copper tubing immersed in a salt-water ice bath, pelleted by centrifugation (5,000 ϫ g for 15 min at 4°C), washed once with ice-cold diethyl pyrocarbonate-treated Milli-Q water, flash-frozen in liquid N 2 , and stored at Ϫ80°C.
Respiration measurements. Precultures were grown in YPGal medium with shaking (200 rpm) at 28 to 30°C and kept in mid-log growth phase for typically 3 days before inoculation of the final 50-ml aerobic shake cultures. Cultures were harvested in mid-log to late log phase at a cell density of 200 Klett units (OD 600 Ϸ 0.4) by centrifugation at 5,000 ϫ g for 15 min at 4°C. The cells were washed once with 40 mM potassium phosphate buffer (pH ϭ 7.4), pelleted (14,000 ϫ g for 1 min at 4°C), resuspended in buffer (0.5 g/ml), and kept on ice until use. Whole-cell respiration measurements were made with an Oxygraph (Oroboros, Innsbruck, Austria) using a volume of 2 ml, stir rate of 700 rpm, temperature of 30°C, and sampling rate of 0.5 s (39) . Before each experiment, the oxygen sensors were calibrated with air-saturated water and with a high density of respiratorycompetent cells in buffer, to exhaust all oxygen (zero). The partial O 2 pressure in the chamber was recorded for several minutes under steady-state flux conditions after the sequential addition of air-equilibrated 40 mM potassium phosphate buffer (pH ϭ 7.4) and 1% glucose, followed by ϳ2.5 mg of cells, and lastly 1 mM KCN.
Data were analyzed with DatLab software (Oroboros). Oxygen concentration in the chamber (nanomoles of O 2 milliliter Ϫ1 ) was calculated from partial O 2 pressure measurements and based upon O 2 solubility in the respiration medium at 30°C and ambient barometric pressure. Oxygen flux (in picomoles s Ϫ1 ml Ϫ1 ) was calculated as the time derivative of the O 2 concentration in the chamber. Corrections were made for the consumption of O 2 by the sensor and back diffusion of O 2 into the chamber and for the exponential time constant of the sensor (39) . Duplicate oxygen consumption measurements were made on each of four independent isolates for each yeast strain examined.
Analysis of gene expression. Total RNA was extracted from frozen cells using a glass-bead phenol-chloroform-isoamyl alcohol method as described elsewhere (50) and treated with RQ1 DNase according to the manufacturer's protocol (Promega, Madison, Wis.). Ten micrograms of total RNA was then incubated with 2.0 g of oligo(dT [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ) at 70°C for 10 min, quenched briefly on ice, and reverse transcribed with Superscript II (Gibco BRL, Rockville, Md.) in the presence of [ 33 P]dATP (NEN, Boston, Mass.) according to the ResGen (Huntsville, Ala.) protocol with the modification that the incorporation of [ 33 P]dATP was optimized by increasing the dithiothreitol concentration from 3.3 to 10 mM, increasing the reverse transcriptase concentration from 300 to 350 U, and increasing the [ 33 P]dATP concentration from 1.0 to 1.5 M. Typical incorporation rates were Ͼ40%. After first-strand cDNA synthesis, the probe was purified by passage through a Bio-Spin 6 chromatography column (Bio-Rad, Hercules, Calif.). The purified probe was heat denatured and pipetted into a single hybridization tube (3.5 by 22.5 cm) containing ResGen yeast GeneFilters I, II, and III (comprising 6,218 open reading frames [ORFs] ) that had been prehybridized for 6 h at 42°C in 7.5 ml of hybridization solution containing 7.5 g of poly(dA) (blocking agent). Hybridization was conducted for 16 h at 42°C, followed by two 20-min washes in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-1% sodium dodecyl sulfate at 50°C and one 20-min wash in 0.5ϫ SSC-1% sodium dodecyl sulfate at 42°C. After being washed, the filter arrays were exposed to a phosphorimaging screen for 48 h. The image was scanned at a 50-m resolution with a Molecular Dynamics STORM 860, and the amount of radioactivity bound to each ORF was quantified using Pathways software (version 2.01; ResGen). Normalization procedures and statistical analyses were performed with SAS (Cary, N.C.) software as described below.
Experimental design and statistical analyses. For the Rox1 analyses, two different parental strains (JM43 and RZ53-6) and isogenic rox1 null strains (KKY6 [JM43⌬rox1] and RZ53-6⌬rox1) were each grown in two media (SSG-TEA and YPGal). For each strain and growth condition examined, three independent growth and array analyses were performed (n ϭ 24). For the aerobicversus-anaerobic comparisons, a total of 12 (8 aerobic and 4 anaerobic) independent growth and array analyses were performed with strain JM43 grown in SSG-TEA medium only. Whenever possible, an entire set of replicates, comprising all strains and growth conditions, were run simultaneously with the same reagents (e.g., isotope lot, reverse transcriptase, hybridization solution, phosphorimaging screen, etc.). All analyses were performed using GeneFilters from the same lot (I, 990927D; II, 990929D; III, 000725E) to avoid interlot printing variability. GeneFilter III contains the remaining ORFs from chromosome XVI that could not be printed on the other two filters, bringing the total to 6,218 ORFs (current annotations recognize 6,150 of these). To facilitate comparisons, the raw hybridization intensity of each ORF on a single array was normalized using the following formula: normalized intensity (NormInt) ϭ (raw intensity Ϫ background intensity)/(mean raw intensity of all ORFs Ϫ background intensity). This normalization procedure sets the mean NormInt values of all ORFs on a single array to a value of 1. Control spots (1.25 ng of genomic DNA) were excluded from the analyses because of substantially higher spotting variability (K. E. Kwast, unpublished observation).
Statistical analyses for the Rox1 comparisons were performed as three-factor analyses of variance (ANOVA) using the SAS MIXED procedure with the factors Rox1 (wild type or rox1), medium (YPGal or SSG-TEA), and strain (JM43 or RZ53-6). NormInt values, rather than log-transformed intensities, were used, as explained in Results and Discussion. Before the ANOVA were done, outliers whose deviations from the mean in each combination of strain, medium, and genetic background were outside the 99.6% confidence interval were identified and eliminated, based on a pooled standard deviation for each ORF. The NormInt data were then sorted by ORF, and likelihood ratio tests were used to determine the appropriate analysis model (equal variances or unequal variances) using a chi-square value of 0.01. Separate F tests were performed for each group to identify ORFs whose NormInt values were significantly different among the rox1 and wild-type strains. Given that the goal was to identify ORFs whose mRNA abundance was significantly different among the rox1 null and wild-type strains, restrictions based upon the absolute difference in expression levels between these strains were not considered for this step of the analysis. Similar statistical procedures were used for analyzing the aerobic and anaerobic comparisons. Additional post hoc analyses included searches of the promoter region of ORFs for the Rox1-binding site and other cis regulatory sequences using GeneSpring (Silicon Genetics, San Carlos, Calif.) and on- 
RESULTS AND DISCUSSION
To identify Rox1-regulated genes, multiple parental and isogenic rox1 null strains were grown in two different galactose media. These conditions were chosen to restrict the analyses to ORFs exhibiting a robust response to the rox1 disruption, independent of slight variations in the genetic background or the growth conditions used. Strains JM43 and RZ53-6 have divergent genetic backgrounds (23, 56) , and both have been used previously for the analyses of Rox1-regulated genes (8, 25, 27, 48, 79) . SSG-TEA medium was chosen to facilitate comparisons of aerobic and anaerobic cultures and contains nutrients (ergosterol and Tween 80, a source of oleic acid) essential for long-term anaerobic growth (4, 5) . These nutritional supplements, however, are known to repress the transcription of several Rox1-regulated genes; for example, unsaturated fatty acids can repress the expression of OLE1 and ATF1 (20, 37) . Thus, a comparable galactose medium lacking these supplements (YPGal) was also used. To facilitate statistical analyses, at least three independent growth and cDNA array analyses were performed for each strain and growth condition examined. Data were pooled across strains and media to determine if the rox1 mutation had a significant effect on transcript levels of each ORF. Such pooling of the data, however, compresses the largest differences in transcript abundance observed between the wild-type and rox1 strains for any given pairwise combination of strain and medium. We therefore focused on the statistical differences in transcript abundance, not the absolute difference between treatments per se. Moreover, focusing on all ORFs whose transcript levels are statistically different among treatments, as opposed to those exhibiting differences by a predetermined amount (e.g., a threefold change), is appropriate when the response to a chronic condition is analyzed, because the sustained response is often much smaller than the initial transient response to perturbation (for example, see references 38, 40, and 47) . The data presented below, as well as results from studies examining the sensitivity, reproducibility, and specificity of the arrays, are available at http://titan.biotech.uiuc.edu/rox1/rox1.html.
Three points pertinent to the statistical analyses are worthy of discussion. First, negative NormInt values were allowed in the analyses given that in all cases their values were not statistically different (P Ͼ 0.05) from zero. Moreover, setting their value to zero would artificially decrease the inherent variability observed. Less than 1% of the 221,400 total observations had negative intensity values, and a total of 6 of 6150 ORFs examined had mean intensity values for a given treatment that were negative after pooling of data. It should also be noted that the degree of repression of several known Rox1-regulated genes in aerobically grown wild-type yeasts is such that their transcript abundance would be expected to be equivalent to zero (48, 49) but much higher under the derepressing conditions present in aerobically grown rox1 strains or anaerobically grown wild-type strains.
Second, non-log-transformed hybridization intensity values were used for the analyses. This is a departure from the more common use of the log(intensity) as the dependent variable when differences based upon transcript ratios between treatments are analyzed. However, inspection of the 24 observations within each ORF (for the Rox1 comparison) showed that for the majority of ORFs (Ͼ70%), the variances for the nonlog-transformed data were similar whereas those of the logtransformed data were not. The use of non-log-transformed intensities, when appropriate, also eliminates problems associated with zero or slightly negative intensity values and the common adjustments that result in biasing variances associated with low-abundance transcripts.
Third, outliers whose deviations from the mean in each combination of strain, medium, and genetic background were outside the 99.6% confidence interval based upon a pooled standard deviation were eliminated. The intensity value of the vast majority of these outliers was greater than the mean of all observations for a given ORF. Visual inspection of the arrays revealed that several of these observations contained small regions of apparently aberrant radioactivity that overlapped or masked the actual hybridization signal, providing further justification for their removal. Although this was a rare event, with the elimination of Ͻ0.4% of the total observations, it is a challenge inherent with using a single cDNA population for probing an array that is often overlooked and requires either visual inspection or statistical methods for elimination as used here.
Analyses of differences in transcript abundance among the rox1 and wild-type strains. An examination of mean hybridization intensities of the 6,150 ORFs, pooled across media and genetic backgrounds, reveals that the majority of genes were transcribed at similar levels in the rox1 null and wild-type strains, with few genes exhibiting more than a fivefold difference in expression (Fig. 1) . The correlation coefficient for this comparison (0.96) is high, with higher variances being associated with high-abundance transcripts as expected. Because the data are pooled across different media and genetic backgrounds, the absolute differences in expression are predictably compressed compared to that observed within a given strain and growth condition. Statistical analyses revealed a surprisingly large number of ORFs with significant differences (P Ͻ 0.05) in transcript abundance among the rox1 null and wildtype strains, 595 with significantly higher levels in the rox1 strains and 285 with significantly lower levels. To differentiate between genes that are directly controlled by Rox1 and those that are up-regulated due to changes in metabolic and/or genetic signals elicited by the aerobic derepression of Rox1-regulated genes, additional sequence and expression criteria were used as described below.
Presumably, genes that are significantly up-regulated in the rox1 strains include those that are directly regulated by Rox1 as well as a potentially large group whose expression levels increase in response to the aerobic derepression of Rox1-regulated genes (secondarily affected genes). To identify genes that are directly regulated by Rox1, we searched the promoter region (Ϫ10 to Ϫ800 bp) for the Rox1-binding site and examined their response to oxygen availability (described below). A promoter search of the 595 genes up-regulated in the rox1 strains revealed several overrepresented (P Ͻ 0.05) sequences, which consisted of small runs (e.g., TCATTGTT [P ϭ 0.01] and CTATTGT [P ϭ 0.007]) of the Rox1 consensus sequence (YYYATTGTTCTC). We then eliminated genes whose promoters did not contain inferred permutations of this sequence (NNHWTTGTNNNN) based upon sites identified in all known Rox1-regulated genes (28) . Although the inclusion of inferred permutations of the Rox1-binding site is not restrictive and eliminated few genes, the majority of previously identified Rox1-regulated genes would be eliminated using restrictions based upon the entire consensus sequence (YYYATTG TTCTC), and several (ERG11, NCP1, and CYC7) would be eliminated using the core Rox1-binding sequence (YATTG TT) alone (28) .
To verify the results obtained, we focused on genes previously reported to be regulated by Rox1 (Table 1) . Global transcript levels (pooled across media and genetic backgrounds) of AAC3, HEM13, ERG11, NCP1, COX5b, and ANB1 were significantly (P Յ 4.6 ϫ 10 Ϫ5 [4.6eϪ5]) higher in the rox1 strains, with transcript ratios (rox1/wild type) ranging from 1.6 to 13. Nearly all of these genes exhibited a robust response to the rox1 mutation in all pairwise combinations of strain and medium examined (Table 1) . Global transcript levels of five of the previously identified Rox1-regulated genes (CYC7, OLE1, SUT1, HMG2, and ATF1) did not, however, show a significant (P Ն 0.069) rox1 effect. For several of these genes, there are conflicting reports regarding the effects of Rox1 on their expression and/or additional regulatory elements that are know to exert considerable control over expression levels, as described below.
For OLE1 and CYC7, the array results confirm our previous findings by Northern blotting (48) , which showed little effect of a rox1 null mutation on aerobic transcript levels of these genes in either JM43 or RZ53-6 grown in SSG-TEA medium. Promoter analyses of both of these genes has revealed a mosaic of regulatory sites in addition to that for Rox1 (20, 33, 65, 72, 81, 85) . Given that oleic acid, a supplement in the SSG-TEA medium, is known to repress OLE1 transcription via the fatty acid response element (20) , we predicted that its derepression in the absence of Rox1 may be more pronounced under fatty acid-nonrepressing conditions. Indeed, OLE1 transcript levels were significantly (P ϭ 0.033) higher in RZ53-6⌬rox1 grown in 33 P]dATP-labeled cDNA probes were reverse transcribed from 10 g of total RNA and hybridized to GeneFilter arrays. Each point represents the mean mRNA abundance for the rox1 null strains compared to that from the wild-type strains (n ϭ 12 for each strain). The diagonal lines indicate ratios of the rox1 and wild-type transcript levels. YPGal medium but not in the JM43 genetic background; the latter observation confirms differences in OLE1 expression between these strains documented previously (48) . Given the regulatory complexity of these genes (20, 48, 50, 81) , the degree of derepression elicited by the absence of Rox1 apparently depends on both the growth condition and genetic background of the strains used. Under the experimental conditions used here, Rox1 appears to play a minor role in dictating steady-state levels of OLE1 and no role for dictating steadystate levels of CYC7. Similarly, aerobic transcript levels of SUT1 were not significantly (P ϭ 0.56) different among the rox1 and wild-type strains under the same conditions. For ATF1, the results may be considered to be marginally significant (P ϭ 0.069, ratio ϭ 1.8) with, as predicted, higher transcript levels under fatty acid-nonrepressing conditions (36) in the JM43 genetic background. With regard to HMG2, we have found that its expression and that of its aerobic counterpart, HMG1, change little in response to oxygen availability in JM43 (49) and have obtained Northern blot results with rox1 null strains that contradict previously published reports (77) . The array results mirror these findings with no detectable differences (P ϭ 0.43) in HMG2 transcripts among the wild-type and rox1 strains yet significantly (P ϭ 0.025, ratio ϭ 1.5) higher HMG1 transcript levels in the rox1 strains. Although both of these genes contain putative Rox1-binding sites in their promoters (49), neither one was significantly (P Ն 0.41) induced under anaerobiosis in strain JM43 (see below). The factors responsible for the differences in HMG1 and HMG2 expression in JM43 compared to other yeast strains (77) are currently unknown.
Overall, the cDNA array results for these Rox1-regulated genes are consistent with previous Northern blotting results (48) . They suggest that the arrays allow sufficient sensitivity to identify many of the genes that are differentially expressed with respect to this transcription factor. They also reveal significant strain and medium effects on the expression of some, which the experimental design is intended to reveal. From these results it is clear that our experimental approach should allow us to identify a substantial fraction of genes that are regulated by Rox1 but certainly not all of them.
Identification of oxygen-responsive genes. In order to further restrict the analysis to those genes that are most likely to be directly regulated by Rox1, we examined the response of these genes to oxygen availability. Although a previous study examined the genomic response of S. cerevisiae to oxygen availability (76), differences in experimental design, microarray platforms, strains, and growth conditions preclude a direct comparison with the rox1 data we have collected. Rather, for these analyses it was essential to measure this response with replication and under the conditions used for the rox1 comparison. Moreover, given that many more genes were up-regulated in the rox1 strains than are reported to be up-regulated under anoxia (76) , the number of anaerobically induced genes may be much larger than is currently appreciated and/or a large fraction of genes induced in the rox1 strains may not be directly regulated by Rox1. Figure 2 compares the mean hybridization intensities of the 6,150 ORFs between anaerobic and aerobic batch cultures of strain JM43 grown in SSG-TEA medium. As predicted, the majority of genes were expressed at similar levels under aerobiosis and anaerobiosis, with by far the largest differences in expression observed for a number of anaerobically induced genes. Given the large differences in transcript abundance for a number of these genes between aerobiosis and anaerobiosis, the correlation coefficient (0.90) is predictably less than that observed for the rox1-versus-wild-type comparison (Fig. 1) . Statistical analyses revealed that nearly one-sixth of the genome was differentially expressed with respect to oxygen availability, with 719 genes being significantly (P Ͻ 0.05) downregulated under anaerobiosis and 346 genes being significantly up-regulated. Although there is considerable overlap in terms of the oxygen-responsive genes we have identified and those identified by ter Linde et al. (76) , the number of differentially expressed genes we identified is much larger. Moreover, there are substantive differences in some of the classes of genes affected between these two studies, as is discussed in more detail below. A direct comparison of these two studies may not be valid, however, given the aforementioned differences in experimental design and the fact that expression ratios alone, rather than statistical analyses, were used to identify oxygenresponsive genes in the study by ter Linde et al. (76) .
Because Rox1 repression is normally relieved when oxygen concentrations fall to levels that limit heme biosynthesis, we further restricted the Rox1 data set to include only genes significantly (P Ͻ 0.05) induced under anaerobiosis in the wild-type strain. Although this restriction likely eliminates some genes that are directly controlled by this factor-for example, genes that are transiently expressed under anaerobiosis or are controlled on balance by levels of anaerobic metabolites as well as transcription-it yields a manageable data set of higher confidence for further analyses. Rox1-dependent repression also requires the recruitment of the Tup1-Ssn6 repression complex. However, a comparison of putative Rox1-regulated genes we identified with those derepressed in a tup1 Ϫ strain (29) reveals surprisingly poor overlap. For example, only two genes in Table 1 were induced Ͼ2-fold in the 
tup1
Ϫ strain and five were induced Ͼ1.5-fold (29) . To include all of the Rox1-regulated genes from Table 1 and those we have identified, the expression ratio (tup1 Ϫ /wild type) cutoff would be less than 1. Given the poor overlap, no further restrictions were placed on the Rox1 data set. The final Rox1 set contains a total of 106 genes that were significantly (P Ͻ 0.05) up-regulated in the rox1 strains during aerobiosis, contain putative Rox1-binding sites in their promoters, and were significantly (P Ͻ 0.05) up-regulated under anoxia in a wild-type strain. In this paper, we refer to these genes as Rox1-regulated genes. They are contained in a separate downloadable file at the web site referenced above and are discussed here in terms of the functional role they play in mediating the anoxic response.
Potentially non-Rox1-regulated genes induced in the rox1 null strains. The number of genes significantly up-regulated in the rox1 null strains is surprisingly large compared to the number of genes induced under anoxia. Presumably, a number of these genes are up-regulated in response to the derepression of Rox1-regulated genes under aerobiosis and/or the resulting changes in metabolic signals in these strains. From a functional standpoint, the aerobic derepression of one or more Rox1-regulated genes likely induces oxidative stress. Several genes involved in mitigating oxidative stress, including CTT1 (catalase T), SOD1 (Cu/Zn superoxide dismutase) and TSA1 (thioredoxin peroxidase), are up-regulated in these strains. Given that these genes are down-regulated under anoxia, it is unlikely that Rox1 directly regulates their expression. Genes associated with other stress conditions, including HSP12, HSP26, and DDR2, were also aerobically up-regulated in the rox1 strains, as were 200 other genes that were not differentially expressed with respect to oxygen availability. Overall, these results suggest that the derepression of Rox1-regulated genes during aerobiosis, genes that are normally derepressed under anoxia, likely affects a number of other regulatory networks. They also point to the need to apply additional expression and/or sequence criteria in defining targeted genes when using singlegene-knockout models that may affect the balance of other regulatory networks.
Functional classification of oxygen-responsive and Rox1-regulated genes. The changes in steady-state gene expression between aerobiosis and anaerobiosis are complex and result from the integration of multiple metabolic and environmental signals. Functional categorization of the anaerobically induced genes can provide insight into the genomic remodeling of gene expression that occurs and has revealed a number of interesting features. As illustrated in Fig. 3 , nearly half of the anaerobically induced genes fit into four functional categories: cell wall related; lipid, fatty acid, and isoprenoid metabolism; carbohydrate metabolism; and cell stress. From Fig. 3 it is also apparent that the cell wall-related genes are up-regulated to a much larger extent than other functional groups. Figure 3 also shows that a substantial fraction (75%) of the anaerobically induced genes involved in lipid metabolism are Rox1 regulated but that Rox1 plays less of a role in regulating those involved in carbohydrate metabolism (32%), cell stress (36%), and cell wall maintenance (16%). A substantive fraction of other anaerobically induced genes have currently unknown cellular roles, and these results should therefore contribute to further functional annotation of the genome. A major goal of this study was to determine the role that Rox1 and other transcription factors play in regulating the physiological response to anoxia, so these functional categories are discussed separately below.
Respiration, carbohydrate metabolism, and redox balance. Many of the genes involved in redox balance and the dissimilatory pathways that utilize reducing equivalents were predictably altered in response to oxygen availability. Mapping the changes in mRNA levels of these genes onto metabolic pathways provides a means of assessing the molecular events that are responsible, in part, for altering metabolism (Fig. 4) . As predicted, nearly all of the nuclear genes that encode respiratory complexes III, IV, and V and the tricarboxylic acid (TCA) cycle, as well as those responsible for intracellular translocation of reducing equivalents to mitochondria, are down-regulated during anoxia (Fig. 4, bottom) . Several aerobic-anaerobic isoform pairs were also identified (e.g., CYC1/CYC7, COX5a/ COX5b, AAC2/AAC3, and POR1/POR2). Overall, these results agree well with those obtained by DeRisi et al. (29) during a switch from fermentative to respiratory growth (diauxic transition). Moreover, given that our study represents a switch from respiro-fermentative (aerobic) to strictly fermentative (anoxic) growth on galactose, the absolute difference in transcript abundance for many of these genes is predictably less than that observed across the diauxic transition. Our results both confirm and extend those from a large number of previous studies showing that the effect of oxygen availability on respiratory and TCA cycle genes is exerted at the transcriptional level (reviewed in reference 30). However, they are in stark contrast to the results obtained by ter Linde et al. (76) , who found that transcript levels of the majority of these genes showed little or no change in response to oxygen availability in glucose-limited chemostat cultures.
In addition to the mitochondrially targeted genes shown, a number of genes associated with mitochondrial import systems and transporters were up-regulated under anoxia. Rather than playing a direct functional role during anaerobiosis, some of these may poise the organelle to respond to the reintroduction of oxygen. For example, it is possible that iso-2-cytochrome c (CYC7), whose expression is induced under anoxia but more strongly upon reoxygenation (15) , plays a protective role upon reoxygenation, providing a sink for electrons from complex III in the face of partially assembled respiratory complexes and low levels of enzymes involved in mitigating oxidative stress (13) . In addition, the anaerobic induction of EGD1, which is involved in targeting polypeptides from the ribosome to the mitochondrion, may allow rapid targeting of mitochondrially destined proteins upon the reintroduction of oxygen. The anaerobic induction of COT1, encoding a Zn transporter, may be associated with the anaerobic accumulation of Zn protoporphyrins noted previously (51) . Finally, MDL1, a putative heme transporter, may transport heme from the mitochondrial matrix to the cytoplasm for the few b-type cytochromes that remain under anaerobiosis (51) or for the rapid mobilization of newly synthesized heme upon the reoxygenation.
Genes involved in anaerobic redox balance, reserve carbohydrate metabolism, and glycolysis were also predictably upregulated under anoxia (Fig. 4, top) . Transcript levels of the redox-regulated genes GPD2 and RHR2, which promote glycerol synthesis (and NAD ϩ regeneration), were anaerobically induced, whereas the isoform genes GPD1 and HOR2, which are involved in osmotic balance (6), were not. Similarly, cytoplasmic isoform genes encoding alcohol dehydrogenase were anaerobically induced whereas the mitochondrial isoform gene (ADH3) was not. A large number of genes involved in trehalose (TPS1, TPS2, and TPS3) and glycogen (GLG1, GSY1, GSY2, GLC3, and GIP2) synthesis were also induced concomitantly with some involved in their catabolism (ATH1 and GPH1, respectively), suggesting some cycling through these pathways during anaerobiosis as observed under other stress conditions (3, 63, 67) . The induction of trehalose synthesis likely has a critical function, protecting membranes and integral-membrane-protein function in the face of increasing ethanol concentrations in anaerobically grown batch cultures (35) .
Transcript levels of a large fraction of genes involved in glycolysis, as well as key allosteric modulators (e.g., PFK26), were also predictably up-regulated (Fig. 4) . These results are consistent with quantitative measurements of anaerobic metabolites and stoichiometric models of flux changes during anaerobiosis (61) , which show increased glycolytic flux towards ethanol and glycerol production along with an increased production and cycling of reserve carbohydrates (reviewed in reference 35). Moreover, they indicate that the redirection of metabolic flux is controlled, in part, by changes in gene expression. In terms of their regulation, Rox1 appears to play a minor yet important role, controlling some of the late steps of glycolysis (GPM2, GMP3, and PYK1 [CDC19]), ethanol formation (ADH1 and ADH5), glycogen synthesis (GSY1 and GIP2) and breakdown (GPH1), and possibly other steps (e.g., UGP1 and YDR516C). A search of the promoters of all anaerobically induced genes in this functional category reveals that over half contain one overrepresented (P Ͻ 0.05) sequence (TGTTTG), although it is currently not known what additional factors may be involved in controlling their expression.
Cell wall, lipid, and heme metabolism. One of the most striking patterns in gene expression observed under anaerobiosis was for genes involved in remodeling the cell wall and membrane. These changes are necessitated, in part, by metabolic changes (fermentation, redox, and ethanol and glycerol production) and, in part, by lack of oxygen for the synthesis of various membrane components and enzymes. This remodeling activity is reflected as changes in the expression of genes for protein secretion, vesicle trafficking, and lipid synthesis. Moreover, the patterns observed under anaerobiosis differ substantially from those for cell wall integrity signaling (43), the unfolded-protein response (78), mitochondrial dysfunction (32) , and the environmental stress response (38) .
A large number of cell wall and wall-associated genes were up-regulated under anoxia and/or in the rox1 strains. As shown in Table 2 , the expression of nearly the entire seripauperin (PAU) gene family was up-regulated under anoxia, with few of the genes exhibiting Rox1 regulation. All of these proteins have sites for glycosylation. In addition, members of the TIR/ DAN/CWP subfamily have a C-terminal region containing a glycosyl-phosphatidylinositol (GPI) anchor site, and most of these are GPI linked into the outer layer of the cell wall (17) . Surprisingly, CWP1 and CWP2, the major aerobic mannoproteins, were up-regulated in the rox1 strains, although only CWP1 was modestly up-regulated under anaerobiosis. The aerobic up-regulation of TIR2 in response to rox1 was totally strain dependent, with RZ53-6 showing no overall difference (P ϭ 0.24) and JM43 exhibiting expressions ratios (rox1/wild type) as high as 64. Given the level of induction of the other PAU genes, it is likely that the expression of both DAN4 and TIR1 in JM43 is different from that in other yeast strains examined (1, 2, 21) . Overall, these results both confirm and extend previous Northern blot studies showing that nearly all of the PAU gene family is anaerobically induced in an apparently Rox1-independent manner. As a functional group, these genes were up-regulated to an impressive extent under anaerobiosis. Changes in the expression of these genes can be expected to influence cell wall porosity (reviewed in reference 74) and may be necessitated in part by the changes in membrane fluidity that occur under anaerobiosis.
In concert with changes in the expression of structural proteins, cell wall-modifying genes were also differentially expressed with respect to oxygen availability. For example, the exoglucanase gene EXG2 and the Rox1-regulated glycosyl transferase gene GAS3 were up-regulated under anoxia, whereas the glucanase genes UTR2 and SCW10 were downregulated. Genes for both isoforms of ␤-1,3-glucan synthase (FKS1 and GSC2) were down-regulated under anoxia, as was CHS2, encoding the chitin synthase responsible for normal septum synthesis (reviewed in reference 41). These changes can be expected to modify glucan linkages and may loosen the cell wall for the accommodation of additional PAU proteins under anaerobiosis. Genes involved in the processing of cell wall, plasma membrane, and secreted proteins in the endoplasmic reticulum (ER) were also differentially expressed. These include those involved in posttranslational translocation (SEC63), protein folding (SCC3) and modification (EUG1 and RCE1), and especially O-and N-linked glycosylation (KTR1, KTR4, KTR6, MNN11, OST2, PMT3, PMT5, and SWP1). Of these, SCC3, RCE1, OST2, PMT3, and PMT5 are Rox1 regulated.
Heme is a necessary cofactor for the cytochromes, catalases, and P450 enzymes of sterol synthesis, and its synthesis requires oxygen (51) . Half of the heme-biosynthetic genes, including HEM4, HEM15, and the Rox1-regulated genes HEM13 and HEM15, were up-regulated under anoxia. Despite their upregulation, heme cannot be synthesized without molecular oxygen. Rather, it is possible that under anaerobiosis, the heme liberated from the degradation of respiratory cytochromes (51) is recycled for use in the cytoplasm. It is conceivable that MDL1, a putative mitochondrial heme transporter of the ABC class (54), could be involved in such a function, as mentioned above.
Both a sterol (at or beyond zymosterol) (Fig. 5A ) and an unsaturated fatty acid are required for growth and must be exogenously supplied under anaerobiosis. The HES1 and SWH1 products (oxysterol homologs) are candidate sterol transporters (53) that were strongly induced under anaerobiosis. The genes for fatty acid import and activation (FAT1, FAA1, and FAA4) (34) were constitutively expressed, however, with respect to oxygen availability. In addition to the anaerobic up-regulation of sterol import genes, Fig. 5A shows that nearly all of the genes involved in the latter portion of sterol biosynthesis (beyond farnesylpyrophosphate [FPP]) were anaerobically induced, and many of them (ERG3, ERG6, ERG9, ERG11, ERG25, ERG26, and ERG28) are Rox1 regulated. Interestingly, a large number of other ERG genes were significantly up-regulated in the rox1 strains under aerobiosis (ERG1, ERG2, ERG5, ERG7, and ERG27) yet not under anaerobiosis.
Genes involved in isoprenoid synthesis, including ERG10, ERG12, ERG8 and ERG20, were constitutively expressed or down-regulated under anaerobiosis in the case of ERG13 and MVD1 (Fig. 5A) . Overexpression of mevalonate decarboxylase, encoded by MVD1, reduces sterol accumulation, so its downregulation under anaerobiosis is consistent with the up-regulation of the later ERG genes observed (10) . FPP is the starting point for several important synthesis pathways, including sterols, dolichol, ubiquinone, and prenylation of various membrane associated proteins. Dolichol is used as a carrier lipid or sugar donor in N glycosylation, O mannosylation, and GPI anchoring, all important for cell wall synthesis and secretion. Thus, the constitutive expression of the majority of genes involved in FPP synthesis with respect to oxygen availability is not unexpected.
Electrons for oxygen reduction by the P450 enzymes Erg5 and Erg11 and by Erg1 are usually supplied by Ncp1, whose gene is Rox1 regulated and strongly induced under anaerobiosis. Alternatively, electrons can be supplied by Cyb5, whose gene was up-regulated in the rox1 strains although not under anaerobiosis, and Cbr1, whose expression was unaltered by these treatments. This source of electrons is used by the Erg25 complex and Erg3 (52) . However, flux through the latter portion of sterol synthesis is not possible without the electron acceptor oxygen (Fig. 5A) . Under anaerobiosis, heme is depleted and sterol import occurs. Uptake of precursors such as zymosterol represses the expression of later ERG genes, but uptake of ergosterol does not (75) . Apparently exogenous ergosterol is imported and cycles between membranes and lipid droplets but does not reach the control point in the ER, where most of the synthesis occurs (7, 75) . Further inhibitory or defective intermediates may be acetylated by Atf2, whose gene was anaerobically induced, and removed by one of the ABC transporters (18) . Such discrimination between imported and endogenously synthesized sterols may be retained under anaerobiosis because of the requirement of hormonal levels of specific sterols for cell cycle regulation in S. cerevisiae (24) . Many sterols, such as cholesterol, are imported and used for bulk membranes, but they are not metabolized and do not regulate the expression of the later ERG genes. Overall, preference is given to endogenously synthesized ergosterol.
As shown in Fig. 5B , most of the genes encoding nonessential enzymes for sphingolipid synthesis (TSC10, SUR2, LAC1, and SCS7) are Rox1 regulated. Sphingolipid synthesis through ceramide occurs in the ER in yeast, and lipid rafts for transport of GPI proteins are evident from the ER on. The lack of early raft formation in lac1 strains accounts for the transport phenotype associated with this gene (9) . In addition, the phosphatases for sphingosine-1-phosphates, encoded by LCB3 and YSR3, were up-regulated under anoxia, while their ligase (en-coded by DPL1) (data not shown) was down-regulated. These sphingoid bases are thought to be involved in signaling in response to heat shock and other stresses (42) and may perform a similar function under anaerobiosis.
Much of the regulation for phospholipid synthesis is through metabolic intermediates such as phosphatidic acid (16) . The lower part of Fig. 5B illustrates the metabolic regulation of phospholipid synthesis (16) , showing a key regulatory point at CDP-diacylglycerol, going to phosphatidylinositol or phosphatidylserine, and feedback loops through phosphatidylcholine. Although the changes in gene expression in this pathway were minimal, they are probably important because they can be expected to alter the balance of phospholipid and sphingolipid synthesis. For example, the derepression of the Rox1-regulated PIS1 gene is consistent with the up-regulation of sphingolipid and GPI anchor synthesis observed, both of which facilitate transport of plasma membrane and cell wall proteins, independent of any signaling function. PIS1 is reported to be constitutively expressed with respect to a number of perturbations under aerobiosis (16) , whereas Pss1 is regulated by inositol, protein kinase A, and transcription in order to control branching among the various phospholipids, with recycling of phosphatidylcholine providing further control (16) . EKI1 regulation follows that of PIS1 in that it is also constitutively expressed as above (16) and Rox1 regulated. Similarly, the regulation of Cki1, which controls the lower synthesis pathways shown in Fig. 5B , is similar to that of Pss1. Derepression of the Rox1-regulated EKI1 gene can be expected to alter phospholipid metabolism given that alterations in any of the intermediates or enzymes affect the entire pathway (16) .
Genes involved in the secretory pathway, endocytosis, trafficking to the vacuole, and vacuolar proteins were also differentially expressed with respect to oxygen availability. Multiple subunits of the vacuolar H ϩ -ATPase (encoded by VMA4, VMA6, VMA8, and VMA10) are Rox1 regulated. In addition, some hydrolases (encoded by LAP4 and PEP4), which are also induced in the environmental stress response (38) , were upregulated under anoxia, as were other vacuolar proteins (e.g., ATH1 and the Rox1-regulated gene APE3). Anaerobic growth affects the vesicle transport system at several different stages. The small GTPases, which regulate vesicle docking and fusion, are regulated by guanine-nucleotide exchange factors (SEC12 and VPS16), GTPase-activating proteins (GYP1 and GYP6), and guanine nucleotide dissociation factors (GDI1), all of which were up-regulated under anaerobiosis (VPS16 and GYP6 are Rox1 regulated). These are involved in COPII and TRAPP trafficking from the ER to Golgi, within Golgi, and from trans-Golgi vesicles to the membrane and the vacuole.
Other differentially expressed transport genes include the essential V-SNARE gene (VTI1) within the cis-Golgi; SRO77, necessary for docking and fusion at the plasma membrane; ERP5, associated with COPII; AKR2, for endocytosis; and genes for several proteins required for cytoplasm-to-vacuole transport (CVT9, CVT19, and APG12) or autophagy (APG12). Thus, anaerobiosis affects all steps in secretion and endocytosis, with the differential expression of a large number genes encoding regulatory proteins. The differential expression of these genes may very well facilitate transport of newly synthesized mannoproteins to the cell wall.
Differential expression of homologous gene pairs and other isoform genes. S. cerevisiae is one of few yeast species that can grow in the complete absence of oxygen. This ability is thought to coincide with the gross gene duplication that occurred ϳ100 million years ago in its lineage (59, 64) . Thus, we might predict that a large fraction of homologous gene pairs are differentially expressed with respect to oxygen and encode proteins essential for anaerobic growth. A number of these gene pairs have been shown previously to be differentially expressed in response to a variety of other environmental conditions (19, 67) .
Using the updated yeast genome duplication map of Seoighe and Wolfe (70), we examined the 455 gene pairs contained on the arrays for their response to oxygen availability and rox1. Remarkably, 117 gene pairs had at least one gene that was differentially expressed with respect to oxygen. Moreover, over one-fifth (73 genes) of the genes that were significantly upregulated under anoxia are found in this group of 910 genes, including one-fourth of the Rox1-regulated genes. In addition, over one-eighth of the aerobically induced genes are members of this group. A number of the anaerobically induced genes from this group are shown in Fig. 3 . Several are involved in reserve carbohydrate metabolism (PGM2, TPS3, and GLG1 [and GIP2; data not shown]), anaerobic redox balance (GPD2, ADH1, ADH2, and ADH5), glycolysis (TDH3, GPM2, and GPM3), and mitochondrial function (COX5b, AAC3, POR2, and CYC7). Many of these are regulated by Rox1 and perform seemingly critical functions under anaerobiosis. Although further genomic comparisons are required, these data lend themselves to the testing of the aforementioned hypothesis.
Although in the majority of cases only one of the genes in the pair was differentially expressed with respect to oxygen availability, a number of aerobic-hypoxic gene pairs were also revealed. In addition to the previously identified pairs HYP2/ ANB1, COX5a/COX5b, AAC2/AAC3, and CYC1/CYC7, these included POR1/POR2, NRG1/NRG2, RSC30/RSC3, PSP1/ YLR177W, PGM1/PGM2, and OYE3/OYE2. All of the previously identified hypoxic isoforms are Rox1 regulated, as are FIG. 4 . Schematic representation of oxygen-responsive and Rox1-regulated genes involved in reserve carbohydrate metabolism, glycolysis, redox balance, and mitochondrial function. The yeast genes encoding proteins involved in each step of the metabolic pathways are identified by name in the boxes, with bold lettering indicating significant (P Ͻ 0.05) induction in the rox1 strains and italics indicating significant repression. Red boxes indicate genes significantly up-regulated under anaerobiosis, red and yellow indicate those marginally up-regulated, green indicates those significantly up-regulated under aerobiosis, and white indicates those not affected. The magnitude of induction or repression with respect to oxygen availability is indicated to the left of each box, and the P value is shown to the right. The inferred metabolic reprogramming in the upper portion of the figure is indicated by the broad gray arrows. The direction of the arrows connecting reversible enzymatic steps indicates the inferred direction of the flow based upon expression levels with respect to oxygen availability. Abbreviations: UDP-glc, UDP glucose; Glc-1-P, glucose 1-phosphate, Glc-6-P, glucose 6-phosphate; Fru-6-P, fructose 6-phosphate; Fru-1,6-P, fructose 1,6-bisphosphate; DHAP, dihydroxyacetone phosphate; Gly-3-P, glycerol 3-phosphate; GA-3-P, glyceraldehyde 3-phosphate; 1,3-BPG, 1,3-bisphosphoglycerate; 3-PG, 3-phosphoglycerate; 2-PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate; Q, ubiquinone.
NRG2 and OYE2. Although functional analyses for many of these pairs are lacking, their differential expression in response to oxygen availability provides additional clues regarding the different functional roles they may play.
Insight into potentially branched and/or overlapping regulatory networks that Rox1 may affect. Given that there is no evidence that Rox1 activates the transcription of any genes, the response of the 286 genes with significantly (P Ͻ 0.05) lower transcript levels in the rox1 null strains is likely the result of different metabolic and/or transcriptional signals indirectly associated with the chronic absence of this repressor. Nonetheless, an examination of this group of genes may provide insight into branched or overlapping regulatory networks that Rox1 may affect.
A large fraction (more than one-third) of the genes downregulated in the rox1 null strains are also down-regulated under anaerobiosis in wild-type strains, which perhaps is not surprising given that the loss of this repressor and derepression of the Rox1-regulated genes is normally associated with anaerobic conditions (28) . By far the largest functional group was genes associated with mitochondrial function, with the conspicuous absence, however, of the majority of nucleus-encoded respiratory subunits themselves. Table 3 is a compilation of some of these genes, specifically those that are either directly or indirectly involved in respiratory function. These include two of the major proteins (Por1 and Gut2) for import of cytoplasmic reducing equivalents, a large fraction of the TCA cycle complexes, and a number of assembly facilitators or components of respiratory complexes III, IV, and V. Although few of these, or other nucleus-encoded mitochondrial genes, were down-regulated to a large extent compared to that observed under anaerobiosis, given such a targeted set of genes it would seem that their down-regulation is an orchestrated response and one likely to have functional consequences. Indeed, as shown in Table 4 , cyanide-sensitive respiration rates were significantly (P Ͻ 0.01) lower in the rox1 null strains than in their isogenic parents. This decrease in respiratory capacity is reflected as lower growth rates for the rox1 strains on YPGly (glycerol) and YPGal media (data not shown).
Although no single regulatory network is known to control the expression of these mitochondrially targeted genes, the heme-dependent activators Hap1 and the Hap2/3/4/5 complex control the expression of a number of them, and it is certainly plausible that a form of cross talk may exist between the hemedependent aerobic and hypoxic regulons. In support of this hypothesis, both HAP1 and HAP4 were significantly (P Ͻ 0.005) down-regulated in the rox1 null strains; under anaerobiosis, HAP4 alone was down-regulated. Moreover, four of the TCA cycle genes listed in Table 4 (LPD1, CIT1, KGD1, and SDH1) are Hap2/3/4/5 regulated (12, 68) . Although it is unlikely that lower HAP1 and HAP4 levels can solely account for the down-regulation of these genes given that other known target genes were not affected, it is clear that the derepression of Rox1-regulated genes under oxygen-replete conditions provides a signal of, or directly results in, a diminished capacity for mitochondrial function such as that normally associated with loss of this repressor under oxygen-limiting conditions. The retrograde pathway (62) controls the expression of some of these genes (e.g., CIT1 and ACO1) and is known to activate their expression in response to diminished Hap2/3/4/5 activation or mitochondrial dysfunction (55) . However, it apparently does not rescue the decrease in TCA spinning capacity despite a moderate (1.3-fold) yet significant (P Ͻ 0.005) increase in transcript levels of RTG3 alone (RTG1 and RTG2 transcripts were not affected). Moreover, considering that there is little overlap between the genes affected (up-or downregulated) by rox1 and those regulated by the RTG pathway (32, 55) , it seems unlikely that these pathways are part of a branched regulatory network that controls the expression of this subset of genes. Thus, the aerobic derepression of Rox1-regulated genes most likely affects an as-yet-unidentified regulatory network involved in controlling a number of nucleusencoded mitochondrial genes.
Additional regulators of anaerobically induced genes. In addition to Rox1, a number of other regulators have recently been shown to control the expression of anaerobically expressed genes in S. cerevisiae. Although searching for consensus binding sequences in the promoters of these genes can be fraught with problems associated with false positives, it may nonetheless yield insight into additional regulatory pathways involved in controlling their expression. Similarly, comparing the overlap in genes affected by oxygen availability or Rox1 with those from other genomic studies can provide insight into branched and overlapping regulatory networks. These approaches are discussed with particular reference to the PAU gene family below.
Regulation of cell wall genes. As shown in Table 2 , nearly the entire PAU gene family was significantly up-regulated un- FIG. 5 . Schematic representation of oxygen-responsive and Rox1-regulated genes involved in sterol and phospholipid biosynthesis. The yeast genes encoding proteins involved in sterol and phospholipid biosynthesis are identified by name in the boxes using the color and numbering scheme described in the legend to Fig. 4 . Only key metabolic intermediates are shown. Abbreviations: HMG CoA, hydroxy-methylglutaryl coenzyme A; MVA, mevalonic acid; IPP, isopentynyl pyrophosphate; GPP, geranylpyrophosphate; FPP, farnesyl-pyrophosphate; C16:0-CoA, palmitic coenzyme A; CDP-C, CDP-choline; CDP-DAG, CDP-diacylglycerol; Cho, choline; Cho-P, cholinephosphate; CL, cardiolipin; DAG, diacylglycerol; DHS-1-P, dihydrosphingosine-1-phosphate; Etn, ethanolamine; Etn-P, ethanolaminephosphate; FA-CoA, fatty acid-CoA; G-6-P, glucose-6-phosphate; Gly-3-P, glycerol-3-phosphate; I, inositol; I-1-P, inositol-1-phosphate; IPC, inositol phosphorylceramide; MIPC, mannose-inositol-P-ceramide; M(IP) 2 C, phosphoinositol-mannose-inositol-P-ceramide; PA, phosphatidic acid; PtC, phosphatidylcholine; PtE, phosphatidylethanolamine; PtI, phosphatidylinositol; PtS, phosphatidylserine; PhytoCer, phytoceramide; PhytoS-1-P, phytosphingosine-1-phosphate; Ser, serine. der anaerobiosis. Recent reports (1, 2, 21) have implicated several factors, including the activator Upc2 (Mox4) and repressors Mox1, Mox2, Mot3, and Tup1/Ssn6, in controlling the expression of a large fraction of this gene family. From our analyses, part of the heme dependency noted previously (2, 21) for this gene family may be due to Rox1-dependent repression of UPC2; UPC2 was significantly (P Ͻ 0.01) up-regulated under aerobiosis in the rox1 null strains, and its promoter contains two consensus Rox1-binding sites (Ϫ305 TCTATTGTc tTC Ϫ294 and Ϫ602 aCTATTGTgTtT Ϫ591). However, our results also suggest that the Rox1-dependent derepression of UPC2 under aerobiosis is insufficient for activation of this gene family, likely due to the repressive effects of other factors, such as Mox1 and/or Mox2, that are thought to interact with Upc2 (2, 21) . Overall, these results suggest that Rox1 plays a minor role in the aerobic repression of this gene family through UPC2 but that additional regulators are primarily responsible for its induction under anaerobiosis.
Using the entire set of anaerobically induced genes, we searched for allowable permutations of the AR1 site (TCGT WHAG and TCGTTHRAG) (21) in order to gain insight into the network of genes that Upc2 may regulate. A surprisingly large number of anaerobically induced genes (106, the same number of identified Rox1 genes) contain AR1 sites, including all but one member of the PAU gene family (TIP1) ( Table 2) . Moreover, after Rox1-regulated genes had been eliminated from the set of anaerobically induced genes, a random search of the promoters identified several overrepresented (P Ͻ 0.01) sequences, the majority consisting of permutations of the AR1 site (e.g., TCGTTTA in 45 of 240 genes, P ϭ 1.0eϪ4; ATCG TTA in 26 of 240, P ϭ 4.9eϪ8; CGTTTAAG in 24 of 240, P ϭ 7.9eϪ11). Remarkably, 31 of 34 cell wall-related genes that were induced under anaerobiosis have AR1 sites; Rox1 regulates only a few genes in this functional category (e.g., TIR2, PMT3, CWP1, and YMR215W). Although additional studies will be required for verification, these results suggest that nearly all of the cell wall genes that are anaerobically induced are regulated by Upc2. Based upon the occurrence of AR1 sites in other anaerobically induced genes, there is apparently substantive overlap in Rox1 and Upc2 regulation of genes involved in lipid and heme metabolism; CSR1, ERG3, ERG4, ERG9, ERG11, ERG24, ERG25, HEM14, HES1, SCC3, SCS2, MDL1, NCP1, YDR213W, and YLR380W are likely regulated by both. A large fraction (ϳ40%) of other AR1-containing genes encode proteins of unknown function, and these results should therefore provide additional information for genomic annotations.
Additional promoter searches of the anaerobically induced genes revealed AR2 sites (MWAAAWTGWTGA) in a few PAU genes (YHL046C, YGR294W, and PBL2) other than those identified previously (DAN1, DAN2, and DAN3) (21) . We also searched for other cis regulatory sequences (e.g., STRE, LORE, and that for Mot3), but they were not significantly (P Ͼ 0.05) overrepresented in the list of anaerobically induced genes. Although Msn2/Msn4 and Mot3 likely regulate a number of these genes, the probability of finding the STRE consensus sequence (CCCCT) or that for Mot3 (HAGGYA) at the frequency observed was 100%. Ongoing studies in our laboratory are using a similar genomic approach to determine the extent to which Msn2/Msn4 and other transcription factors are involved in controlling the expression of anaerobically induced genes. Finally, a comparison of both the Rox1-regulated and anaerobically induced genes with those identified in other environmental stress conditions (19, 38) reveals surprisingly poor overlap, suggesting that the regulatory networks involved in the adaptive response to anaerobiosis do not substantially overlap with those controlling the response to other environmental challenges.
Conclusions. In this study we focused on the physiological response of S. cerevisiae to anaerobiosis and the functional roles that Rox1 and other trans-acting factors play in mediating the response. One of the most striking patterns in expression was for genes involved in the remodeling of the cell wall and plasma membrane. This remodeling activity was reflected as changes in the expression of genes for cell wall structural proteins, modifying enzymes, protein secretion, vesicle trafficking, and phospholipid, sphingolipid, and sterol metabolism. These changes are likely necessitated by anaerobically induced changes in metabolism as well as lack of oxygen for the synthesis of various membrane components and enzymes. They can be predicted to modify cell wall porosity and combat a compromised ability to regulate membrane fluidity under anaerobiosis. Predictable changes in dissimilatory metabolism, mitochondrial function, anaerobic redox balance, and reserve carbohydrate metabolism were also observed. It is apparent that Rox1 plays an important role in regulating key steps in these processes and a predominate role in the anaerobic remodeling of sterol and lipid metabolism. Moreover, Rox1 controls the expression of a large fraction of the oxygen-requiring enzymes that are anaerobically induced. A comparison of genes affected in the rox1 null strains to those induced under anaerobiosis reveals striking differences in all functional groups, in particular for those involved in cell wall and secretion. These results argue for the involvement of multiple regulators in instigating the anaerobic program of gene expression. Moreover, a comparison of the expression ratios for Rox1-regulated genes in wild-type strains under anaerobiosis with those in the rox1 strains under aerobiosis suggests that additional regulators are involved in dictating transcript levels of Rox1-regulated genes. Although additional work clearly will be required for disentangling these regulatory networks, results from this study suggest that Rox1, in concert with Upc2, plays a dominate role in controlling the genetic program underlying the physiological response of S. cerevisiae to oxygen deprivation.
